The interstellar medium is enriched primarily by matter ejected from evolved low and intermediate mass stars. The outflows from these stars create a circumstellar envelope in which a rich gas-phase and dust-nucleation chemistry takes place. We observed the nearest carbon-rich evolved star, IRC +10216, using the PACS (55-210 µm) and SPIRE (194-672 µm) spectrometers on board Herschel. We find several tens of lines from SiS and SiO, including lines from the v=1 vibrational level. For SiS these transitions range up to J=124-123, corresponding to energies around 6700 K, while the highest detectable transition is J=90-89 for SiO, which corresponds to an energy around 8400 K. Both species trace the dust formation zone of IRC +10216, and the broad energy ranges involved in their detected transitions permit us to derive the physical properties of the gas and the particular zone in which each species has been formed. This allows us to check the accuracy of chemical thermodynamical equilibrium models and the suggested depletion of SiS and SiO due to accretion onto dust grains.
Introduction
IRC +10216 (CW Leo) is the brightest non-Solar System object in the sky at 5 µm. It is the nearest (D∼150 pc, Crosas & Menten 1997) carbon-rich evolved star, and it serves as an archetype for the study of mass loss on the asymptotic giant branch (AGB). The star is losing mass at a rate of ∼1-3 × 10 −5 M ⊙ /yr (Crosas & Menten 1997; Schöier & Olofsson 2000) , producing a dense, dusty circumstellar envelope (CSE). To date, more than 60 molecules have been detected in the CSE of IRC +10216 (e.g., Cernicharo et al. 2000; He et al. 2008) . Thermodynamic equilibrium and non-equilibrium reactions, photochemical reactions, ion-molecule reactions, and the condensation of dust grains establish the abundance stratifications throughout the envelope. It is likely that IRC +10216 is in an advanced evolutionary stage, marking the transition from an AGB to a planetary nebula (Skinner et al. 1998) . A detailed study of its infrared emission spectrum can yield unique information on the thermophysical and chemical structure of the outflow and on the history of mass loss during this important evolutionary phase.
Observations and data reduction
Thanks to its high infrared brightness, IRC +10216 is an ideal target for observation with Herschel (Pilbratt et al. 2010) . PACS and SPIRE spectroscopic observations were obtained in the context of the Guaranteed Time Key Programme "Mass-loss of Evolved StarS" (Groenewegen et al., in prep.) .
⋆ Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA.
The PACS instrument, its in-orbit performance and calibration, and its scientific capabilities are described in Poglitsch et al. (2010) . The PACS spectroscopic observations of IRC +10216 consist of full SED scans between 52 and 210 µm obtained in a 3×1 raster, i.e. a pointing on the central object, and two pointings 30 ′′ either side. The observations were performed on 2009 Nov 12 (OD 182). The position angle was 110 degrees. The instrument mode was a non-standard version of the chopnod PACS-SED AOT, used with a large chopper throw (6 ′ ). The spectral resolving power varies between 1000 and 4500. A description of the observing mode and of the data reduction process can be found in Royer et al. (2010) . The only difference with the data reduction of VY CMa as presented in Royer et al. (2010) is that the ground-based calibration was used for IRC +10216. The estimated calibration uncertainty on the line fluxes is 50 %.
The SPIRE FTS measures the Fourier transform of the source spectrum across short (SSW, and long (SLW, 303-671µm) wavelength bands simultaneously. The FWHM beamwidths of the SSW and SLW arrays vary between 17-19 ′′ and 29-42 ′′ respectively. The source spectrum, including the continuum, is restored by taking the inverse transform of the observed interferogram. The absolute flux calibration uncertainty is 15-20% in the SSW band and 20-30% in the SLW band above 20 cm −1 (up to 50% below 20 cm −1 ). For more details on the SPIRE FTS and its calibration see Griffin et al. (2010) and Swinyard et al. (2010) .
IRC +10216 was observed with the high-resolution mode of the SPIRE FTS on the 2009 Nov 19 (OD 189). Twenty repetitions were used, each of which consisted of one forward and one reverse scan of the FTS, with each scan taking 66.6s. The total on-source integration time was therefore 2664s. The unapodized spectral resolution is 1.4 GHz (0.048 cm −1 ), and this is 2.1 GHz (0.07 cm −1 ) after apodization (using extended Norton-Beer function 1.5; Naylor & Tahic 2007) .
PACS and SPIRE photometry observations of IRC +10216 are presented in Ladjal et al. (2010) .
Results
Currently, more than 500 molecular emission lines have been identified in the PACS and SPIRE spectra of IRC +10216 (see Fig. 1 Cernicharo et al. (2010) . In the ISO-LWS spectrum shown in Fig. 1 , 57 lines belonging to CO and HCN were identified by Cernicharo et al. (1996) . The number of identified lines increases to 280 in the PACS spectrum thanks to its higher spectral resolution. Most of the lines in the PACS and SPIRE spectrum arise from HCN, with the strongest lines from 12 CO. HCN is one of the most abundant molecular species in the CSEs of carbon stars (Willacy & Cherchneff 1998) and it is known to show maser action in various vibrational states. The strength of the 12 CO lines are diagnostics for the thermophysical structure (see Sect. 3.1) . In this paper, we focus on the silicon-bearing molecules SiS and SiO, two refractory species that are formed in the inner envelope. As soon as the temperature of the gas falls below a certain critical value, the molecules can start to condense and form dust grains.
High-J rotational lines have been detected from both molecules. For SiO, 80 rotational transitions in the ground-state from J = 11-10 to J = 90-89 (E up = 8432 K), and 99 lines from J = 26-25 to J = 124-123 (E up = 6678 K) for SiS are clearly detected. From the detected lines, ∼45% of both species is unblended (see Table A .2 in the online Appendix, which also lists the detected 12 CO and 13 CO lines). The emission lines of higher-J transitions and rotational transitions in the first vibrational state are very weak, but their line contribution can be deduced from the theoretical modelling (see Sect. 3.2, and Table A .2). The line formation region of the highest-J lines of SiO (SiS) is within the first 5 R ⋆ (10 R ⋆ ), i.e., tracing the recently identified dust formation region (Fonfría et al. 2008) .
Thermophysical structure of the envelope
The large number of optically thick 12 CO and optically thin 13 CO lines enabled us to perform a tomographical study of the CSE. Properties of the circumstellar gas, such as the kinetic temperature, velocity, and density structure, were determined through a non-local thermodynamic equilibrium (non-LTE) radiative transfer modelling of the 12 CO lines. The 12 CO lines cover energy levels from J = 3 (at 31 K) to J = 47 (at 5853 K) and trace the envelope for radii R < 1 × 10 17 cm (R<2000 R ⋆ ). The GASTRoNOoM code was used to calculate the kinetic temperature and velocity structure in the envelope and to solve the non-LTE radiative transfer equations (Decin et al. 2006 . The rate equations were solved for the ground and first excited vibrational state, with J up max = 60. The CO line list and collisional rates are discussed in . The terminal velocity was deduced from ground-based observations of low-J 12 CO lines (De Beck et al. 2010) . The GASTRoNOoM code computes the velocity structure by solving the momentum equation and the temperature structure from the equation expressing the conservation of energy (see Eq. 6 in Decin et al. 2006) . However, the resulting temperature was slightly too low beyond Zuckerman & Dyck (1986) , c Crosas & Menten (1997) ,
d Ridgway & Keady (1988) 60 R ⋆ to correctly predict the lower excitation 12 CO lines, which mainly reflects uncertainties in the gas-grain collisional heating. Therefore, we opted to use T (R) ∝ R −0.5 for R > 60 R ⋆ . The best-fit model was determined using the log-likelihood function as described in Decin et al. (2007) . The derived (circum)stellar parameters are given in Table 1 , the deduced thermodynamical structure is displayed in Fig. 2 , and the line predictions are shown in Fig. 1 . Specifically, we obtained a mass loss rate of 1 × 10 −5 M ⊙ /yr (with an uncertainty of a factor 2) and a 12 CO/ 13 CO ratio of ∼30±5. The latter is on the lower side of the range of 12 C/ 13 C ratios quoted in the literature, going from 20 (Barnes et al. 1977 ) to 50 (Schöier & Olofsson 2000) . The lowest value is obtained from vibra-rotational transitions in the fundamental band of CO, and higher values are often obtained from low-excitation CO or CS lines. The accuracy of isotopologue ratios obtained from low-excitation rotational transitions is often limited by the uncertain effect of photodissociation by interstellar UV photons and chemical fractionation (e.g., Mamon et al. 1988) , effects that are not hampering the high-excitation 12 CO and 13 CO lines in the PACS and SPIRE spectra. 
Abundance profiles of SiO and SiS
The SiO and SiS emission lines are modelled with the thermodynamical structure as deduced in Sect. 3.1. Linelists and (available) collisional rates are described in . However, the lack of collisional rates for high-J transitions of both molecules with He or H 2 led us calculate the level populations in LTE. This approach is justified since most of the detected high-J lines originate in the stellar photosphere and in the inner wind envelope, where the high gas density and temperature ensure thermal equilibrium for the level populations. Pulsation driven shocks in the inner envelope may alter abundances pre- Figure 1 . Continuum-subtracted PACS and SPIRE spectrum of IRC +10216. In the three upper panels, the PACS spectrum of IRC +10216 (black) is compared to the ISO-LWS spectrum (grey, Cernicharo et al. 1996) . The fourth and fifth panels show the SPIRE spectrum of IRC +10216 (black). The bottom panel zooms in on the 141 -146.8 µm region, where we identified the main molecular features. Theoretical line predictions for 12 CO (red), 13 CO (orange), 28 SiO (blue), and 28 SiS (green) using the parameters as given in Table 1 are displayed in all panels.
dicted from equilibrium chemistry. The estimated uncertainty on the derived abundances is a factor of 5, when taking the line flux uncertainty into account.
SiO: Using an outer radius value of 560 R ⋆ (Olofsson et al. 1982) , the derived fractional abundance is [SiO/H 2 ] = 1 × 10 −7 , when assuming a constant abundance profile. The high-J SiO lines in the PACS and SPIRE spectrum provide us with a diagnostic tool for deducing possible depletion from the gas from accretion onto dust grains. Unfortunately, the low signal-to-noise ratio of the (weak) high-excitation SiO lines prohibit us from putting strong constraints on the role of SiO in the dust forma-tion around IRC +10216. When allowing for variations in the abundance profile (as described in , we deduce that the SiO fractional abundance in the inner wind (R < ∼ 8 R ⋆ ) can range between 0.2 − 3 × 10 −7 , with the fractional abundance being 1×10 −7 beyond 8 R ⋆ (see Fig. 3 ). Keady & Ridgway (1993) derived an inner wind SiO abundance of 8×10 −7 from infrared ro-vibrational transitions. From low-excitation SiO lines, Schöier et al. (2006) obtained an SiO abundance in the region between ∼3 and 8 R ⋆ , as high as ∼ 1.5 × 10 −6 , superposed on a more spatially extended region of 480 R ⋆ with a fractional abundance of 1.7 × 10 −7 . The abundance in this compact inner-wind region is a factor 5 higher than our maximum deduced value of 3 × 10 −7 in the inner wind. The theoretically calculated photospheric TE value of SiO in carbon-rich envelopes is ∼ 2.8 × 10 −8 (Willacy & Cherchneff 1998) . In their study of the effect of pulsationally induced non-chemical equilibrium in the inner wind of IRC +10216, Willacy & Cherchneff (1998) obtained a fractional abundance of 3.8 × 10 −7 . Since TE-value agrees with our minimum deduced value in the inner wind of 2 × 10 −8 , and the non-TE value with the maximum deduced value, the effect of pulsationally induced non-equilibrium chemistry is difficult to estimate. beyond that radius. The PACS and SPIRE observations can allow for a change of a factor of 2 in the first few stellar radii (i.e, minimum of 2 × 10 −6 , maximum of 8 × 10 −6 for R < ∼ 12 R ⋆ ). The SiS TE and non-TE inner wind values as computed by Willacy & Cherchneff (1998) 
Conclusion
The PACS and SPIRE spectroscopic observations of IRC +10216 have been shown to be of excellent quality for studying the thermodynamical and chemical structure of the envelope, created by its copious mass loss. The temperature and mass-loss rate of the envelope are derived from the 12 CO lines. Both SiO and SiS are refractory species, and the PACS and SPIRE data can provide a strong diagnostic tool for determining their role in the dust formation process. Analysing the high-J SiO and SiS lines yields a constant fractional abundance of 1 × 10 −7 and 4 × 10 −6 , respectively. However, we detect only v=0 and v=1 transitions for both species, mainly because of the densely populated spectrum of IRC+10216, while it is known from ground-based observations that levels of SiS up to v=8 have been detected (Agúndez et al., 2010, in prep.) . Moreover, the low-J transitions of SiO and SiS, which are more sensitive to the external envelope, are not accesible to PACS and SPIRE. Since the high-J lines in the ground-state and the v=1 lines of both molecules are very weak, we cannot put strong constraints on the fractional abundance in the inner envelope (R < ∼ 10 R ⋆ ). For SiO, 1/3 at most is estimated to take part in dust formation process, while we deduce a fraction of 1/2 for SiS. Only a merged set of millimeter, submillimeter, and far-infrared observations of SiO and SiS can provide a detailed analysis of the abundance of these species from the photosphere to the photodissociation zone (Agúndez et al., 2010, in prep.) .
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